The murine and human homologs of the zebrafish pescadillo protein (Pes1 and PES1, respectively) play important roles in ribosome biogenesis and DNA replication. We investigated the effect of Pes1 on the growth of mouse embryo (3T3-like) fibroblasts and conditionally immortalized human fibroblasts expressing the SV40 T antigen (AR5 cells). Increased expression of Pes1 causes transformation of mouse and human fibroblasts in culture (colony formation in soft agar). Although Pes1 can replace the SV40 T antigen in inducing colony formation in soft agar, it cannot substitute the T antigen in the immortalization of human fibroblasts, indicating that it distinguishes between the two functions. As the biological effects of Pes1 are similar to those of the insulin receptor substrate-1 (IRS-1), we investigated the interactions of Pes1 with IRS-1 itself and with the SV40 T antigen. The Pes1 protein (which localizes to the nuclei and nucleoli of cells) interacts with both IRS-1 and the SV40 T antigen, and markedly decreases the interaction of T antigen with p53. Taken together, these results suggest mechanisms for the ability of Pes1 to transform cells, and its failure to immortalize them.
Introduction
The pescadillo gene was originally identified as a gene essential for the normal development of the zebrafish (Allende et al., 1996) . The murine homolog of pescadillo, designated as Pes1, was found to be expressed in many tissues, to have a nuclear localization and to contain a BCRT domain (Haque et al., 2000) . The human pescadillo equivalent (PES1) was isolated from p53À/À cells and its cDNA was found to have 40 and 79% homology to yeast and zebrafish homologues, respectively (Kinoshita et al., 2001) . Its expression was dramatically elevated in malignant human astrocytomas. Lerch-Gaggl et al. (2002) reported that Pes1 levels increased in cells stimulated to grow, and that the protein localizes to the nucleoli and, more precisely, co-localizes with nucleolin. PesÀ/À embryos failed to develop and the authors concluded that pescadillo/PES1 is necessary for ribosome biogenesis and nucleologenesis, and that disruption of its function results in growth arrest. PES1 role in ribosome biogenesis was confirmed in yeast (where it is called Yph1p) by Oeffinger et al. (2002) . Ribosome biogenesis is a strong determinant of cell size (Jorgensen et al., 2002) , which is a requirement for cell proliferation (Fraser and Nurse, 1978) . In turn, ribosome biogenesis is controlled by the rate of ribosomal RNA (rRNA) synthesis (Moss and Stefanovsky, 1995) , which is dependent on the activity of RNA polymerase I (Grummt, 1999; Reeder, 1999; Comai et al., 2000) . Thus, in the last analysis, cell size is regulated by RNA polymerase I and the several proteins that modulate its activity (Grummt, 1999 (Grummt, , 2003 , which include a regulatory protein called upstream binding factor 1 (UBF1).
Our interest in PES1 stems from the observation that its functions are somewhat similar to those of the insulin receptor substrate-1 (IRS-1), a docking protein for both the insulin and the IGF-I receptors (White, 1998) . IRS-1 and its downstream effectors control, in a nonredundant way, about 50% of cell and body size in Drosophila (Bohni et al., 1999; Montagne et al., 1999; Verdu et al., 1999) , in mice (Shima et al., 1998; Pete et al., 1999) and in cells in culture (Valentinis et al., 2000) . Recently, we and others (Lassak et al., 2002; Prisco et al., 2002; Tu et al., 2002) have found that, under certain circumstances, IRS-1 localizes to the nuclei and nucleoli of cells, where it binds UBF1, and stimulates rRNA synthesis (Tu et al., 2002; Sun et al., 2003) . The binding of IRS-1 to UBF1 suggests a mechanism for the effect of IRS-1 on cell and body size. IRS-1 also sends a strong mitogenic signal and can transform myeloid cells into cancer cells forming tumors in animals (Valentinis et al., 2000) . Thus, both IRS-1 and PES1 can localize to the nucleoli, play a role in cell proliferation and are involved in ribosome biogenesis (cell size). In addition, both can be found to be overexpressed in human tumors (Kinoshita et al., 2001; Chang et al., 2002) .
An increase in cell size is not sufficient for cell division, and the cell cycle program, including DNA synthesis, must also be activated (Fraser and Nurse, 1978; Hartwell, 1978) . It makes sense that there should be some cross-talk between the two programs, cell division and increase in cell size (Baserga, 1984) . Significantly, a dual action of PES1 was reported in yeast by Du and Stillman (2002) , who showed that it participated in both DNA replication and ribosome biogenesis. PES1 (like IRS-1), therefore, is an attractive possibility for a link between increase in cell size and implementation of the cell cycle program.
Taken together, these findings make it legitimate to ask whether increased expression of Pes1, like that of IRS-1, can transform mammalian cells, specifically mouse embryo fibroblasts (MEFs). We also asked whether PES1 had any effect on the growth of human fibroblast AR5 cells that are conditionally immortalized by a temperature-sensitive (ts) mutant of the SV 40T antigen, a viral oncogene that also interacts physically with IRS-1 (Zhou-Li et al., 1995 .
We report here that overexpression of Pes1 (the murine homolog) induces cellular transformation in MEFs and AR5 human fibroblasts, as measured by colony formation in soft agar. We show also that Pes1 can interact (co-immunoprecipitation) with both IRS-1 and T antigen, which co-localize with Pes1 to the nuclei and/or nucleoli of cells. However, overexpression of Pes1 cannot replace the SV40 T antigen in rescuing AR5 cells from cellular senescence. Pes1 does not interact with p53, but it markedly decreases its interaction with T antigen, thus suggesting a mechanism for its inability to overcome cellular senescence. Overexpression of UBF1 (which increases cell size but has otherwise no known effect on DNA replication) has a more modest effect on the proliferation of MEFs and AR5 cells.
Results
The purpose of these experiments was to determine the role of Pes1 in proliferation, transformation and immortalization of mammalian fibroblasts. The rationale for using both MEFs and AR5 human fibroblasts is the following: MEFs used in these experiments are nontransformed 3T3-like fibroblasts that do not form colonies in soft agar (Rubini et al., 1997; Reiss et al., 1998) . 3T3 and 3T3-like cells are usually considered among the most suitable cells to determine the ability of candidate genes to induce transformation (colony formation in soft agar). Our MEFs (R12 and R508 cells) are remarkably stable and have been so since they were first generated 6 years ago. They express, respectively, 7 Â 10 3 and 17 Â 10 3 IGF-IR/cell. They do not grow in IGF-I only and they do not form colonies in soft agar (Rubini et al., 1997) . AR5 cells were chosen because they are immortalized. Although their immortalization depends on a number of factors, one of the factors is a ts SV40 T antigen. At the restrictive temperature, AR5 cells stop growing and are no longer immortalized. AR5 cells express the SV40 T antigen at both temperatures, and make only very few colonies in soft agar (personal communication of Dr Harvey Ozer and see below). They are, however, transformed (foci formation). Thus, they can be used to determine whether PES1 can both augment their transformed phenotype (colony formation in soft agar) and overcome the loss of immortalization that occurs when the cells are shifted to the restrictive temperature. In addition, they can be used to determine a possible interaction between T antigen and Pes1. In some of these experiments, we also monitored the effects of UBF1 on the same parameters of growth. UBF1 was chosen, because it is involved, like pescadillo, in ribosome biogenesis (Grummt, 1999) , but there is no evidence yet that it is also directly involved in DNA replication.
The first section of our experiments documents the expression of both endogenous and exogenous Pes1 and UBF1 in the parental and transduced cell lines.
Expression of Pes1 and UBF-1 in MEFs and AR5 cell
We first generated mixed populations of cells in which either Pes1 or UBF1 were overexpressed. For this purpose, we infected MEFs or AR5 cells with retroviruses expressing either a mouse Pes1 or a mouse UBF1. The cells were transduced as described in Materials and methods, and mixed populations were selected. In one experiment, we also used as a control another ts cell line, but of hamster origin, ts13 cells (Talavera and Basilico, 1977) .
The expression of the endogenous and exogenous mRNAs for Pes1 is shown in Figure 1 , panel a, where the endogenous mRNA is detectable in parental and transduced cell lines (lower bands), while the ectopic Pes1 (upper bands) is detectable only in the transduced Figure 1 , panel b, using an antibody to mouse Pes1. Pes1 is expressed in MEFs, and its expression is clearly increased in cells transduced with the Pes1 retrovirus and only in these cells (panel b, upper row, lanes 3 and 6) . The amount of protein in each lane was monitored with an antibody to Grb2 (panel b, middle row). The expression of ectopic Pes1 and UBF1 in AR5 cells was first determined using an anti-FLAG antibody (Figure 1 , panel b, lower row). The exogenous Pes1 protein is easily detectable in the infected mixed populations of AR5 cells using an antibody to FLAG (lanes 2 and 3) . The parental cells, AR5 or ts13, are negative for FLAG (lanes 1 and 4), but the transduced cells are strongly positive. This is true for both AR5 (lanes 2 and 3) and ts13 cells (lanes 6 and 8).
In the same blot, and using the same anti-FLAG antibody, we could not detect expression of the UBF1 retrovirus in AR5 or ts13 cells. We suspect that one of the reasons for the failure to detect UBF1 expression in AR5 and ts13 cells is that, in this plasmid, FLAG is 5 0 (it is 3 0 in the Pes1 plasmid), and our experience is that the anti-FLAG antibodies detect FLAG better when the tag is in the 3 0 position. Another possibility is that overexpression of UBF1 may be slightly toxic (see below). When the Western blot is stained with a UBF antibody, an increase in UBF levels was detectable in AR5 cells infected with the UBF1 retrovirus ( Figure 2 , panel a, compare the last two lanes with lane 3). In this experiment, we used 32D cells as a control, and they show very little expression of endogenous UBF, at least in respect to AR5 cells. Interestingly, exogenous UBF1 expression is sharply increased in 32D cells, as if the levels of expression of exogenous UBF1 may depend on the levels of endogenous expression. Although interesting, this finding is not further pursued in the present communication. The expression of endogenous UBF protein in MEFs has already been reported (Tu et al., 2002; Sun et al., 2003) .
The commercially available antibody to Pes1 is mouse specific (Lerch-Gaggl et al., 2002) . We have confirmed it on AR5 cells that are of human origin. Figure 2 , panel b, shows that parental AR5 cells are negative for Pes1 antibody (lanes 1 and 3), while the infected cells (mouse Pes1 cDNA) are positive (lanes 2 and 4). The FLAG antibody gives the same results, with only the infected cells being positive (middle row). The positions of Pes1 (endogenous and exogenous) in the figure are not due to a difference in mobility, but due to the fact that this is a composite picture of two separate blots. Taken together with previous reports (Tu et al., 2002; Sun et al., 2003) , these experiments indicate that Pes1 and UBF are detectable in parental AR5 and MEFs, and that their expression is increased in cells transduced with the respective retroviruses.
Confocal microscopy of AR5 cells
The expression of Pes1 in AR5 cells was confirmed by confocal microscopy (Figure 3 ), which also allowed us to determine its subcellular localization. We show AR5 cells because they have large, easily identifiable nucleoli. AR5 cells, transduced with the retrovirus expressing Pes1, were stained with propidium iodide and with an anti-FLAG antibody. The ectopically expressed Pes1 is found in the nucleus and the nucleoli of AR5 cells. We have previously shown that the FLAG antibody does not stain cells that do not express the FLAG tag and we have confirmed it in AR5 cells (data not shown). We also confirmed that AR5 cells are positive for the SV40 T antigen, which strongly stains (Figure 4, panel b) . As already mentioned, T antigen interacts with IRS-1, and IRS-1 translocates to the nuclei and nucleoli of cells expressing T antigen (Tu et al., 2002; Sun et al., 2003) . We stained the cells with an antibody to IRS-1 (panel a), which shows a diffuse staining, including the nuclei and nucleoli (Figure 4 , panels a and c, where a was merged with b). The confocal microscopy pictures of Figure 4 were taken with AR5 cells in serum-free medium (SFM) at 341C. Exactly the same pictures were obtained when the cells were transferred to 10% serum, or shifted to 391C for a brief period (data not shown).
Effect of Pes1 overexpression on growth of MEFs and AR5
Having established that MEFs and AR5 cells express endogenous and exogenous Pes1 and UBF1, we determined the biological effects of the overexpression of these two proteins. We first tested their effect on IGF-I-mediated growth. As mentioned, neither R12 nor R508 cells, because of their low levels of IGF-IR, respond to IGF-I with growth (Rubini et al., 1997; Reiss et al., 1998) . Neither Pes1 nor UBF1 overexpression altered their inability to respond to IGF-I in SFM (data not shown). We also monitored the ability of these cells to grow in SFM and in 1% serum. These growth characteristics are summarized in Table 1 . None of the cells tested (parental or overexpressing UBF1 or Pes1) grew in SFM, which is expected from 3T3-like cells. All cell lines grew in 1% serum. There is a 50% increase (reproducible and statistically significant) at 72 h in the growth of R12 cells expressing Pes1, but this increase is not detectable in R508-derived cells. The same comment applies to cells overexpressing UBF1. We have no explanation for the difference in behavior between R12 and R508 cells. Overexpression of UBF1 or Pes1 has no effect on the growth of AR5 at permissive temperature (data not shown).
Effect of overexpression of Pes1 on transformation of MEFs and human fibroblasts
The next parameter we tested was the ability of Pes1 or UBF1 to transform MEFs and to increase the transformed phenotype of AR5 cells. We used as a test the ability to form colonies in soft agar. The results are shown in Figures 5 and 6 . Parental R12 and R508 cells, as expected, form very few colonies in soft agar (roughly 5-6 colonies/plate). AR5 cells also form very few colonies in soft agar, on average less than one/plate. Overexpression of Pes1 increases colony formation in soft agar in all the three cell lines. R12 cells now form an average of 168, and R508 of 111 colonies/plate. Even AR5 cells are more transformed by Pes1 overexpression, forming an average of 30 colonies/plate, which is significant in view of the fact that parental AR5 cells, under the same conditions, form less than one colony/ plate. UBF1 also has a transforming effect: the averages for UBF1-transfected cells are 133 colonies/plate for R12 cells, 56 for R508 and five for AR5. The transforming effect of UBF1 on AR5 is marginal, the number of colonies is very small, but the parental cells are significantly lower. Perhaps, the modest effect of UBF1 overexpression on AR5 cells may be due to the fact that UBF is already very well expressed in the parental cells (Tu et al., 2002) . In some experiments, we Equal number of cells were plated at time zero. The cell numbers given are averages of three samples. For clarity, only the average is given, the counts at each point were within 10% of the standard deviation. *Indicates that the increase over parental cells is statistically significant supplemented the medium of the soft agar assay with IGF-I (50 ng/ml). Addition of IGF-I had no significant effect on the number of colonies, as expected, since all the three cell lines have very low IGF-I receptor numbers (see above). In both experiments, we used R-T cells as controls. These are MEFs without IGF-IR and expressing T antigen. They are known to be untransformed (Sell et al., 1993) . However, re-introduction of the IGF-IR in R-T cells, even at very low levels of expression, restores the transforming ability of T antigen (Sell et al., 1994) .
Failure of Pes1 and UBF1 to rescue AR5 cells from the ts block
Despite the ability of Pes1 and, to a lesser extent, of UBF1 to increase the number of colonies in soft agar, neither Pes1 nor UBF1 could rescue AR5 cells from the ts block. The data can be briefly summarized as follows: when AR5 are plated at a concentration of 2.5 Â 10 4 cells/plate and then kept at 341C or shifted to 391C, the number of cells after 48 h in growth medium was 5.85 Â 10 4 at 341C and 2.3 Â 10 4 at 391C. Eventually, retrovirally infected AR5 cells died at the restrictive temperature, like the parental AR5 cells (ResnickSilverman et al., 1991; White et al., 1992) . It should be remembered that the ts function in these cells is that of the T antigen, so that the failure of Pes1 and UBF1 to rescue AR5 cells from the ts block simply means that neither of them can replace the SV40 T antigen function in the immortalization process. We mentioned above that we also transfected with Pes1 another cell line, the ts13 cells, which is of Syrian hamster origin and is ts in G/1 (Talavera and Basilico, 1977) . We used this cell line to rule out a role of Pes1 in RNA polymerase II activity (O'Brien and Tjian, 2000) . Pes1 cannot overcome the ts block, as ts13 cells, although expressing vigorously the exogenous Pes1, did not grow and actually died quickly at the restrictive temperature (not shown).
Interactions of Pes1 with IRS-1 and T antigen
In order to study the mechanisms involved in the transforming ability of Pes1, we studied its possible interactions with IRS-1 and with T antigen. IRS-1 is known to interact physically with both T antigen (ZhouLi et al., 1995 (ZhouLi et al., , 1997 and UBF1 (Tu et al., 2002; Sun et al., 2003) . We studied the interaction between IRS-1 and Pes1 in AR5 cells because they express the SV40 T antigen, and are thermo-sensitive. IRS-1 is well expressed in AR5 cells. First, we determined the levels of IRS-1 in AR5 cells and in WI-38 cells (Figure 7 , panel a). WI-38 cells are human diploid fibroblasts with a limited lifespan (Cristofalo et al., 1989) . They were used in order to determine whether the presence of T antigen in human fibroblasts increased IRS-1 levels. It does not seem to do so. In AR5 cells, there is an interaction between IRS-1 and Pes1 (Figure 7, panel b) , and it is more pronounced at 341C (permissive temperature) than at 391C (restrictive temperature). This is not due to a difference in the amounts of IRS-1 immunoprecipitated, as the reprobing of the Western blot shows that, if any, more IRS-1 was immunoprecipitated at 391C than at 341C. As controls, we have used 32D cells that do not express IRS-1. Immunoprecipitation of lysates with an antibody to IRS-1 did not co-precipitate Pes1/FLAG in these cells (data not shown).
We then looked at the interaction of Pes1 with T antigen, and this is shown in Figure 7 , panel c. An antibody to T antigen immunoprecipitated the FLAGtagged Pes1 in AR5 cells. Again, the interaction between Pes1 and T antigen was decreased at the restrictive temperature. An antibody to T antigen did not immunoprecipitate Pes1 in mouse cells without T antigen (data not shown). We are aware that, at the restrictive temperature, the ts T antigen undergoes profound conformational changes. Indeed, this is the reason why we tested the interaction at both temperatures. The decreased interaction at 391C confirms the significance of the interaction between the two proteins at 341C.
In Figure 7 , panel d, we confirmed the interaction of UBF1 and IRS-1. There is also a modest, but reproducible interaction between UBF and T antigen. In these last interactions, there are no differences between 34 and 391C.
We then characterized the interaction between T antigen and IRS-1 in AR5 cells. Figure 8 confirms the interaction between IRS-1 and T antigen (WI-38 cells are negative for T antigen) as already reported in other cell lines (see above). Stimulation with IGF-I markedly increases IRS-1 tyrosine phosphorylation in both WI-38 and AR5 cells. It seems therefore that there is an interaction between Pes1 and IRS-1, not surprisingly as they both localize to the nucleoli (Figures 3 and 4) , and . We have previously established the accuracy of antibodies to FLAG in immunoprecipitation studies (Prisco et al., 2004) .
Relationship to p53
It has been reported that human PES1 was cloned from p53À/À cells (Kinoshita et al., 2001) , and we wanted to test the hypothesis that p53 may no longer bind SV40 T antigen in the presence of over-expressed Pes1. First we asked whether Pes1 expression may be increased in p53À/À cells. We compared MEFs (which express p53) with parental murine 32D cells that do not express p53 (Prisco et al., 1997) . Figure 9 confirms the absence of p53 from 32D cells and also confirms that, in p53À/À cells, there is a tendency to an increase in the levels of Pes1. Figure 10 shows that, in AR5 cells overexpressing Pes1, there is a marked decrease in the amount of p53 that interacts with T antigen. The controls for the amount of p53 immunoprecipitated and the amount of T antigen in cell lysates indicate that the decreased interaction is real. We also tried other experiments, that is: (1) we attempted to determine a direct interaction between Pes1 and p53, by co-immunoprecipitation: (2) to determine whether p53 changed the stability of the endogenous Pes1 protein, or (3) affected the levels of Pes1 mRNA. These experiments were repeated several times, but the results were repeatedly negative (not shown).
Discussion
Our results show that Pes1 is quite effective in transforming MEFs and, to a lesser extent, human fibroblasts. However, it cannot rescue AR5 cells from the block in immortalization that occurs at 391C. Taken together, these results suggest that Pes1 can substitute for the transforming function of the SV40 T antigen in MEFs. It also accentuates the transformed phenotype, but cannot substitute the immortalizing function of T antigen in human fibroblasts. Pes1 interacts (by coimmunoprecipitation) with both the SV40 T antigen and IRS-1, each of which can transform MEFs expressing an IGF-I receptor . These findings are a logical extension of previous reports that deletion of pescadillo/Pes1 leads to inhibition of embryonic growth (Lerch-Gaggl et al., 2002) and that PES1 is highly expressed in certain human tumor cells (Kinoshita et al., 2001) . Our findings show for the first time that overexpression of Pes1 actually causes transformation of cells in culture (colony formation in soft agar).
PES1 (Pes1, pescadillo, Yph1p) is a protein that has been implicated in development and in cancer (Allende et al., 1996; Kinoshita et al., 2001; Lerch-Gaggl et al., 2002) . It is especially interesting because it seems to be involved in both ribosome biogenesis and DNA replication (Du and Stillman, 2002; Lerch-Gaggl et al., 2002) , thus being a reasonable candidate for the coordination of the cell cycle program with the required increase in cell size. The MEFs used in these experiments have been intermittently in culture for more than 6 years and have remained constant. R12 and R508 cells have low levels of IGF-IR, do not respond to IGF-I with growth and do not form colonies (or very few) in soft agar (Rubini et al., 1997; Reiss et al., 1998 and this paper) . They can be transformed by the SV40 T antigen (unpublished data from our laboratory and this paper). Pes1 also markedly increases the ability of AR5 cells, a human fibroblast cell line, expressing a ts mutant of the SV40 T antigen (Radna et al., 1989) , to form colonies in soft agar. This cell line is conditionally immortalized, growing indefinitely at the permissive temperatures of Figure 8 Interaction of IRS-1 with T antigen in AR5 cells. Lysates of WI-38 and AR5 cells (conditions indicated above the lanes) were immunoprecipitated with an antibody to IRS-1 and the blots were developed with antibodies, respectively, to T antigen (upper row), IRS-1 (middle row) and phosphotyrosine (lower row) Figure 9 Levels of Pes1 in cells expressing or not p53. Lysates were made from R12, R508 and 32D cells. The blots were developed with antibodies to Pes1, p53 and actin. Parental 32D cells are murine myeloid cells that do not express the p53 protein (38) Figure 10 Interaction of p53 with SV40 T antigen in Pes1-expressing cells. Whole-cell lysates or lysates immunoprecipitated with antibody to p53 were used and the blots were developed as indicated (wb). Overexpression of Pes1 markedly decreases the interaction of p53 with T antigen Pescadillo and transformation A Maiorana et al 34-351C, but dying at the restrictive temperature (381C or above). The conditional immortalization is believed to be due to the fact that the T antigen used for immortalization is thermo-sensitive (Resnick-Silverman et al., 1991) . Despite expressing the T antigen, AR5 cells, even at the permissive temperature, do not form colonies in soft agar, or very few (this paper and personal communication from Dr Harvey Ozer). AR5 cells are transformed, though, as they can form foci. Pes1 definitely increases the colony-forming ability of AR5 cells.
In an effort to explain the transforming ability of Pes1, we have studied its interaction with a number of proteins. PES1/Pes1 is usually nuclear and mostly nucleolar in its localization (Lerch-Gaggl et al., 2002 , and this paper), and it is therefore not surprising that it interacts with UBF1 and IRS-1, both of which can localize to the nuclei and nucleoli of cells (Voit et al., 1992 (Voit et al., , 1995 Grummt, 1999; Tu et al., 2002; Sun et al., 2003) . IRS-1 controls 50% of cell size in cultured cells (Valentinis et al., 2000) and animals, from Drosophila (Bohni et al., 1999) to mice (Pete et al., 1999) . It inhibits differentiation and can transform cells when overexpressed or ectopically expressed (Valentinis et al., 2000) . It binds to UBF1, increasing rRNA synthesis (Tu et al., 2002; Sun et al., 2003) . UBF1 is a key regulatory element in RNA polymerase I activity (Grummt, 1999 (Grummt, , 2003 . RNA polymerase I is crucial in determining ribosome biogenesis and therefore cell size (see Introduction).
It remains to be determined whether Pes1 activates IRS-1 or vice versa, or, more probably, whether both are needed for interaction with UBF1 and full ribosome biogenesis. The latter possibility has a precedent in the interactions of IRS-1 and T antigen with the rDNA promoter. Both IRS-1 (see above) and T antigen (Soprano et al., 1979 (Soprano et al., , 1983 Zhai et al., 1997) stimulate rRNA synthesis, but IRS-1 binds to UBF1, while T antigen binds to another protein that activates rRNA synthesis, SL1 (Zhai et al., 1997) . Thus, Pes1 may complement, like T antigen, the effect of IRS-1 on ribosome biogenesis, and therefore cell size. In this respect, it is interesting that Pes1, like IRS-1, interacts with the SV40 T antigen in AR5 cells. This interaction is compatible with recent reports that the BRCT domain binds serine and threonine phosphoproteins (Manke et al., 2003; Yu et al., 2003) . PES1 has a BRCT domain (Haque et al., 2000) and T antigen is heavily phosphorylated, especially on serines (Fanning, 1992) , so that their interaction is not surprising. The IRS-1/Pes1 interaction is more difficult to explain. IRS-1 can be serine phosphorylated (White, 1998) , but not in cells growing in growth medium, and indeed IRS-1 in AR5 cells is tyrosyl phosphorylated by IGF-1 (Figure 8) . Perhaps, Pes1 and IRS-1 form a complex in the nucleolus, although they may act at two different sites of the rDNA promoter, like IRS-1 and T antigen, or, alternatively, at different steps in ribosome biogenesis.
Taken together, these findings suggest that the mechanism by which Pes1 transforms fibroblasts in culture probably finds its explanation in its interactions with proteins like IRS-1 and the SV40 T antigen. Pes1 seems capable of transforming human fibroblasts, but not of immortalizing them. The conditional immortalization of AR5 cells is due to the ts status of T antigen (Radna et al., 1989; Resnick-Silverman et al., 1991) , which is inactivated at the restrictive temperature. Most human cell lines expressing the SV40 T antigen usually are not immortalized (Neufeld et al., 1987) ; only a few of them become immortalized (reviewed by Manfredi and Prives, 1994) . The general consensus is that the p53-binding domain is an absolute requirement for immortalization of human cells by T antigen (Chang et al., 1985) , while transformation can be carried out even in the absence of this domain, provided other domains are present (Manfredi and Prives, 1994) . Our failure (in repeated attempts) to show an interaction between p53 and Pes1 is compatible with the inability of Pes1 to immortalize AR5 cells. In fact, the overexpression of Pes1 seems to decrease the interaction T antigen/p53, which could result in more p53 being available for blocking immortalization (Ali and DeCaprio, 2001; Pipas and Levine, 2001) . Human PES1 was originally cloned from cells that were p53À/À (Kinoshita et al., 2001) . We show here that, indeed, Pes1 protein is overexpressed in 32D cells (which do not express p53) in comparison to MEFs, which express p53. We asked the question whether Pes1 may be destabilized by p53, but our results were negative, despite several attempts (not shown). Also negative were our attempts to show an effect of p53 on Pes1 mRNA levels.
In these studies, we have also looked at UBF1 itself. While there is no doubt that UBF1 is a key regulator of RNA polymerase I activity, there are no indications that it also acts, like PES1, on DNA replication. Still, overexpression of UBF1 seems to transform MEFs, although at a lower efficiency than Pes1. This lower efficiency becomes more apparent in AR5 cells, where the effect of UBF1 on colony formation in soft agar is, at best, marginal. This result is reasonable. UBF1 action is apparently limited to RNA polymerase I (Grummt, 1999) , which results in an increase in cell size (see above), but not necessarily in DNA synthesis. PES1, in contrast, is involved in both ribosome biogenesis and DNA replication (Du and Stillman, 2002; Lerch-Gaggl et al., 2002) , and would therefore be more capable of increasing cell proliferation than UBF1. The interactions of UBF1 with IRS-1 and T antigen may explain its modest transforming activity.
In conclusion, we have found that Pes1, a protein that plays a role in ribosome biogenesis and DNA replication, transforms MEFs and accentuates the transformed phenotype of human fibroblasts, thus confirming and extending previous reports that it plays an important role in the proliferation of mammalian cells.
Materials and methods

Plasmids
Pes1 cDNA was generated by PCR reaction from a mouse heart cDNA library (Clontech). The PCR and the subcloning into the MSCVpuro retroviral vector, generating MSCVpuro Pes1 Flag retroviral vector, are detailed in Prisco et al. (2004) . Selection of retrovirally infected mixed populations of cells was carried out with 1.5 mg/ml of puromycin.
pRcCMV Flag UBF1, containing the mouse UBF1 cDNA with a 5 0 FLAG tag, was a gift from Dr I Grummt, German Cancer Research Center, Heidelberg, Germany. It has been described by Voit et al. (1995) . 5 0 FLAG/UBF1 cDNA was excised and cloned in HindIII/HpaI sites of MSCVpuro retroviral vector generating MSCVpuro FLAG UBF1 retroviral vector.
Cell lines
R cells are MEFs generated from mouse embryos with a targeted disruption of the IGF-IR genes . They do not express the IGF-IR protein (Sell et al., 1993) . R12 and R508 cells are R cells stably transfected with a plasmid expressing the human IGF-IR. AR5 cells are human fibroblasts expressing a heat-labile SV40 large T antigen (Radna et al., 1989) . They are conditionally immortalized, as they grow indefinitely at the temperature of 34-351C, but they growth arrest and die at the restrictive temperature of 38-391C (Resnick-Silverman et al., 1991) . ts13 cells are of Syrian hamster derivation, are ts for growth and growth arrest in the G1 phase of the cell cycle at the restrictive temperature of 391C (Talavera and Basilico, 1977) . R12, R508, AR5 and ts13 cells were transduced with the retroviruses expressing Pes1 or UBF1 by standard procedures , to obtain the appropriate mixed populations. 32Dtsp53 are 32D murine myeloid cells expressing a ts mutant of p53 (Prisco et al., 1997) . WI-38 cells are human diploid fibroblasts that have been extensively characterized in cellular senescence studies (Cristofalo et al., 1989) .
Growth curves
Exponentially growing cells were washed three times with HBSS and seeded 5 Â 10 4 /ml in a medium containing 10% heat-inactivated FBS. They were made quiescent by serum deprivation and then stimulated with the appropriate mitogen (the controls were left in SFM). Cells were counted by standard procedures. Statistical analysis was carried out as previously described (Peruzzi et al., 1999) .
Colony formation in soft agar
The methodology previously described was followed (Reiss et al., 1998) . Briefly, to compare the anchorage-independent growth of different cell lines, cells were plated at 2 Â 10 3 in EMEM containing 10% FBS and 0.2% agarose (with 0.4% agarose underlay). The number of colonies larger than 125 mm in diameter was determined at 3 weeks following plating. AR5 were cultured at the permissive temperature of 341C, MEFs at 371C.
Northern blots
Cells growing exponentially were washed three times, seeded 5 Â 10 4 /ml in medium supplemented with 10% FBS and collected. Northern blots were carried out by standard procedures using the Pes1 cDNA or the UBF1 cDNA as probes.
Western blots and immunoprecipitation
Cells were harvested, washed with cold PBS and lysed (50 mM HEPES, pH 7.5; 150 mM NaCl; 1.5 mM MgCl 2 ; 1 mM EGTA; 10% glycerol; 1% NP40; 100 mM NaF; 10 mM Na-pyrophosphate; 0.2 mM Na-orthovanadate; 1 mM PMSF; 10 mg/ml Aprotinin). The rest of the procedure was the same as described in detail in previous papers (Tu et al., 2002; Sun et al., 2003) .
Confocal microscopy
Cells plated on glass coverslips were washed with PBS and fixed with 3.0% paraformaldehyde in PBS for 20 min at room temperature, followed by permeabilization with 0.2% Triton X-100 in PBS for 2 min at room temperature. Coverslips were washed with PBS and nonspecific binding of IgG was blocked in 10% normal donkey serum (sc-2044, Santa Cruz Biotechnology) in PBS for 20 min at room temperature. The cells on the coverslips were then stained with the primary antibodies indicated below or propidium iodide (2.5 mg/ml, Molecular Probes, P-3566) for 5 min. Finally, coverslips were washed with PBS three times and mounted on glass slides with Vectashield mounting medium (H-1000, Vector Laboratories Inc.). Fluorescent images were collected on a Zeiss Axiovert 100 confocal microscope using a Zeiss Â 40 objective.
Antibodies
The following antibodies were used: anti-IRS-1 C-20 (Santa Cruz Biotechnology, CA, USA); anti-Flag M2-peroxidase conjugate A-8592, EZview red anti-Flag M2 affinity gel F2426 (Sigma), anti-Pescadillo rabbit polyclonal (Bethyl Laboratories, Inc); anti-GAPDH (Research Diagnostic, Inc); antiGrb2 (Transduction Laboratories).
